In order to determine what gradients in local rates of myocardial blood flow are present in the resting hemodynamic state, the regional rates of myocardial clearance of 80 Rb were measured in dogs tranquilized with chlorpromazine. The clearance rate in the left ventricle corresponded to an average coronary flow of 11.7 ml/g per 10 min. Estimated right ventricular flow was 7.1 ml/g per 10 min and left atrial flow 7.9 ml/g per 10 min. High rates of 8(l Rb uptake were noted in the atrial appendages and papillary muscles. Uptake in serially sectioned cores from both ventricles was consistently highest near the endocardial surface and decreased toward the epieardium. Selective injections of 80 Rb into the aorta or vena cava demonstrated that isotope penetrated the myocardium from the cavities of both ventricles. In the right ventricle, high subendocardial 80 Rb clearance was not found unless the isotope had been present within its cavity. In the left ventricle, in contrast, more 8fl Rb was taken up by the subendocardial zones, even when all of the tracer was distributed by coronary arterial blood. The results support both diffusion of 86 Rb and perfusion of the myocardium by intracavitary blood as mechanisms responsible for the uptake of 80 Rb from the heart cavities. Rb cleared by each area of the myocardium during a 10-min intravenous infusion. A previous study has shown that flow can be estimated from clearance with a mean error of 8% (1). Gradients in isotope uptake were found within the walls of both ventricles, clearance rates being highest near the endocardial surfaces. Further studies were therefore made to determine whether 8fl Rb entering the myocardium di-
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Materials and Methods
Tranquilized Dog*.-Seven dogs were tranquilized with chlorpromazine, 1 mg/kg intramuscularly, and an artery and vein were cannulated under local anesthesia. 80 Rb was then infused intravenously at a decreasing rate for 10 min to maintain a plateau concentration of 86 Rb in arterial blood (2) . Pulse rate averaged 84/min. Blood was continuously aspirated to determine mean arterial 86 Rb concentration. Pentobarbital was then injected (1 g intravenously) and the hearts removed immediately. Cores 1.5 cm in diameter were cut from the areas indicated in Figure 1 . These were serially sectioned with a Stadie-Riggs tissue slicer (3) . Each slice was weighed, digested in 10* NaOH, and counted with a statistical error of < 2% by a scintillation detector. Slice thickness was estimated from its weight. Blood and other myocardial samples were processed in the same way. This sampling procedure was used in all animals. Selective Injections of Tracer.-Twelve animals were anesthetized with pentobarbital (27 mg/ kg). In 6, 80 Rb was injected at the root of the aorta. In the other 6 it was infused in the vena cava mixed with donor blood. Recirculation of 8u Rb was minimized in all 12 by ligating the vena cava and aspirating coronary sinus outflow. Cardiac output averaging 200 ml /kg per min was maintained for a mean of 25 sec (18 to 60 sec) by infusion of donor blood through the azygos vein, while blood was withdrawn at 18 ml/ min through catheters in the pulmonary artery, left ventricle, and aorta. Mean arterial blood pressure rose from a mean of 98 mm Hg prior to study to a final value of 148 mm Hg. Heart rate averaged 147/min. S6 Rb Uptake in Excised Hearts.-Jhe hearts of 5 dogs anesthetized with pentobarbital were rapidly excised. Following ligation of the major vessels, coronary arteries, and coronary sinus, four nonbeating hearts were warmed in a 38°C bath of 0.15 M NaCl. Blood containing 80 Rb was then placed in the cavities for periods up to 30 min, following which they were emptied and sectioned. One heart was warmed in blood that was later tagged, the cavities remaining empty. Weights of the 36 dogs averaged 17.5 kg (10.9 to 29.5 kg). Rb in other groups was compared to the equilibrium group to allow for differences in the fiber content of regional muscle. Each
80
Rb concentration was first calculated as a percent of the mean of all ventricular specimens from that animal. These values are shown by dots in Figures 3,  4 , and 5. This concentration was then expressed as a percent of the value found in the same area at equilibrium. This is called the "relative" ^Rb concentration in this report. In tranquilized animals, endocardialepicardial gradients were present in the right ventricle, the free wall of the left ventricle, and the interventricular septum. In core E, correlation of relative 86 Rb uptake and position was .73 (P<.001) with a 3.8% change between specimens (95% CL = 2.6 to 5.0% ance in right ventricular papillary muscle was less than that of the interventricular septum from which it arose in 5 of 6 instances, and more than that in the inner parts of the right ventricle in 6 of 7. The tip of left ventricular papillary muscle had the highest relative clearance rate observed (122%).
Clearance averaged 2.5 and 3.0 ml/g per 10 min in lean specimens from the right and left atrium respectively. This corresponds with blood flow of 7.9 ml/g per 10 min (5). In the right atrial appendage, relative uptake was 28% higher (P = .O4) and in the left, 32% higher (P<.01) than in lean muscle from the adjacent atria. with a 3.3% interspecimen stepup (95? CL = 0.7 to 5.9%). Significant gradients were also present in cores D (r = .37; .05>P>.01); E (r=.54; .01>P>.001), and H (r=.43; .05>P>.01). Gradients in raw tissue concentrations were less regular. Significant correlations were present in cores D (r = .45; .01>P>.001) andG (r=.45; .01>P>.001). S0 Rb Uptake after Infusion into the Vena Cava.-These results are shown in Figure 5 . In contrast to the findings after aortic injections, pronounced gradients were present in the right ventricle. In the outflow tract (core A), correlation of position and uptake was .82 (P < .001) and interspecimen difference 6.0* (95* CL = 0.1 to 11.92). In the interventricular septum, especially near the apex, uptake was lowest in the center and increased toward both ventricular cavities. In core F, the specimen with lowest uptake was 1135 lower than the right ventricular endocardium (P = .07) and 18* less than the left ventricular endocardium (P = .1O). Uptake was high at the endocardial surface of the free wall, and progressively decreased as the epicardium was approached. Correlation in core G was .86 (P < .001), and increase per step 6* (95SCL = 2tolO%).
Comparison of Results after Intravenous Infusion of
s 'Rb for 25 Seconds and 10 Minutes.-Similar endocardial-epicardial gradients were present in the right ventricle and free wall of the left ventricle in both groups. However, the differences between the innermost and middle sections in cores A and B were less in dogs studied for 10 min (P = .03). Similarly, the 12* difference (P=.O7) between endocardial and adjacent slices in cores G and H found with short infusions were absent in longer studies. The same trend was apparent at the left ventricular surface of the interventricular septum, where the short study showed the endocardium to be 6% higher than the adjacent area (P = .01).
Results in Excised Hearts.- 80 Rb penetrated the wall of the excised hearts readily from the epicardial surface. The subendocardial concentrations in three hearts with radioacGrcuUtio* Rtsttrcb, Vol. XX, Jrnu 1967 tive blood placed in the cavities for 1 to 2 min averaged 19$ of the blood level. Approximately the same level was found after 10 min, but after 30 min the average value was 58%.
Interpretation and Discussion
Possible Errors Caused by 8 'Rb in Blood.-The possible effects of isotope within blood vessels on calculations of isotope clearance have been pointed out by Bloor and Roberts (6) . Myocardial 8n Rb levels in tranquilized 612 GILLESPIE, LOVE dogs and dogs in the equilibrium studies averaged respectively 7 and 20 times those present in blood. The vascular volume is greater in the deeper areas of excised hearts (7) . This would promote the gradients in equilibrium concentrations which were found, but would not explain the direction of the gradients in tranquilized dogs. With aortic injections, a period equal to four mean coronary circulation times (8) was available for the bolus to circulate through the heart, so that isotope present at death was probably primarily within the interstitial and cellular phases.
Regional Flow Gradients in Tranquilized Dogs.-The correct use of 8u Rb clearance as an index of the regional rate of coronary blood flow is based on the demonstration that at each mean rate of blood flow in the right and left ventricles (9, 10) and the left atrium (5) a characteristic total amount of 8 "Rb will be cleared from the arterial blood in 10 min. If the assumption is made that flow and clearance are equal, serious errors result(ll). The mean rate of left ventricular clearance in the present group of tranquilized dogs corresponds to a flow of 11.7 ml/g per 10 min, which is very close to the value of 133 ml/100 g per min obtained in unanesthetized dogs with N 2 O (12). In view of the high levels of left ventricular clearance in these animals, it is interesting that atrial clearance was substantially less than that in a previous study (13) . The values most like these are from dogs that received reserpine (14) . Roth of these groups had slow pulse rates. This suggests that atrial clearance may be more closely related to pulse rate than is ventricular clearance (1) .
Gradient of Blood Floto within the Ventricular Walls.-The use of.

80
Rb clearance as an index of blood flow has been criticized on the grounds that changes in the transcellular exchange rate of Rb and K within the myocardium can be just as effective in altering the speed of isotope uptake as a change in the rate of blood flow (15) . In isolated hearts and heart-lung preparations, hypoxemia reduces 80 Rb clearance, while a rise in pulse rate increases uptake (16, 17) . The role of simultaneous changes in flow rates was not determined. In intact dogs anesthetized with pentobarbital there is a minor correlation between pulse rate and Rb uptake (18) , but chronic digitalization has no effect (1). These data establish that factors other than changes in blood flow may alter 8(1 Rb uptake. Nevertheless, in most anesthetized dogs the transcapillary and transcellular exchange of rubidium and the degree of arteriovenous shunting are sufficiently alike from dog to dog to allow the overall rate of coronary blood flow to be estimated from the rate of isotope uptake with a mean error of 7.8% (1). The percent of 80 Rb in coronary arterial blood that is extracted during one circulation through the myocardium is inversely related to the rate of blood flow (19) . During systole, coronary flow is probably more restricted in the inner parts of the walls of the left ventricle than in the outer. If there is a lower vascular resistance in inner parts during diastole which tends to increase the flow to this area, the actual rate of flow per second during diastole would be substantially higher than in the outer parts. This will result in less isotope uptake for a given overall volume of flow, and therefore would not explain the direction of the Kirk and Honig found that 1!ll I injected 2.5 and 7 mm below the epicardium of the left ventricle was cleared with a Ti /2 of 26.9 and 33.6 sec respectively (15) . This was thought to reflect a 255£ lower flow in the deeper area. Lassen has found 24 
Na clearance
CtrcmUtwm Rtsarch, Vol. XX, Jmm 1967 to be an inadequate index of blood flow in skeletal muscle (20) , but this may not apply to 131 I clearance in the myocardium. Johansson, Linder, and Seeman found a monoexponential fall in radioactivity after 85 Kr was injected into a coronary artery (21) , but it is doubtful that this method would detect inhomogeneities of flow of the order found in the present study. Kirk and Honig have found that in dogs breathing 100? oxygen, the oxygen tension in the subepicardium averages twice that in the subendocardium (15) . If a low oxygen tension had been present in the subendocardium in the present dogs, the effect would have been to produce 88 Rb gradients opposite to those found.
Contribution of Intracavitary Blood to Gradients in Myocardial
86 Rb Uptake.-Although the ventricles of some animals have spongy walls which receive their nutrition partially or entirely from blood within cardiac cavities (22) , there is little evidence that a similar process exists in man or laboratory animals. Although blood does flow into the thebesian veins of the right ventricle when the intraventricular pressure is elevated (23) , this has been thought to occur only under exceptional circumstances (24) . The previously noted association between elevated 8n Rb uptake and the presence of thebesian vessels in the endocardium of the right ventricles suggested that isotope might reach the myocardium through these vessels (25) . In dogs whose left coronary arteries were cannulated and perfused with unlabeled blood while 8K Rb was given intravenously, Moir and DeBra found that the subendocardium cleared an average of 0.17 ml of luminal blood of isotope (26) . When labeled blood was given through a cannula in the left coronary artery, more tracer was taken up by the outer than by the inner layers. This may indicate abnormal coronary hemodynamics, since the gradients with isotope injected into the aorta in the present studies were the reverse. Myers and Honig have shown that labeled red cells and
S8
Rb enter the subendocardium from the cavity (27) . Since these studies were also made with the left coronary artery cannu-lated and perfused, the possible role of abnormal coronary hemodynamics was unknown.
In the present dogs infused for 25 sec with tagged blood, total ventricular clearance averaged 1.5 ml/g. Differences between the subendocardial and adjacent specimens averaged 0.14 ml, which is approximately the same as the amount taken up in these areas of excised hearts. This part of the gradients is therefore probably related to uptake from the cavities. This may have occurred partly after death. This small amount of uptake would not be noticeable in dogs infused for 10 min, because total clearance was 35 and 51 times higher in the right and left ventricles, respectively. Redistribution of 8c Rb must occur within the myocardium after the heart has been excised. Apparently this is slow. A second set of cores taken in 1 dog beginning immediately after the first set had been obtained, in approximately 20 min showed the same 8(1 Rb gradients as the first series.
The aortic injections of 80 Rb show that more tracer reaches the inner than the outer layers of the left ventricle even when isotope is distributed exclusively by coronary flow. Although a comparison with the pattern after short intravenous infusions shows that some tracer does enter the inner layers of the left ventricle directly from the cavity, this route is not necessary for gradients similar to those found under normal conditions. In the right ventricle the situation is different. High concentrations were found in the endocardium only when tracer had been present in the cavity. Moir and DeBra found that a negligible amount of 1S1 I albumin entered the left ventricle from the endocardial surface (26). Myers and Honig believed that both diffusion and transport by luminal vessels were involved in producing their results (27) . Page and Bernstein have shown that inulin and dextran can diffuse through the right ventricle of cats in vitro (28) . It seems probable to us, also, that there is some actual perfusion of myocardium through luminal connections, in addition to whatever direct diffusion takes place. A widely held opinion expressed by Wiggers is that " . . . the connections between the ventricular cavity and coronary arteries are compressed by cardiac contraction. It is therefore dynamically inconceivable that any material volume of blood could be transferred from the ventricular cavity even if communications of very large caliber were present . . ." (29) . However, Eckstein and co-workers demonstrated that substantial quantities of India ink pass from the cavity of the right ventricle into the myocardial capillaries, sinusoids, and anterior cardiac veins when right ventricular pressure exceeds left ventricular pressure (23) . It is interesting that ink appeared first in the apical veins over the interventricular septum, since isotope penetration of the interventricular septum, was greatest in this area. These workers concluded that capillary injection does not occur when right ventricular systolic pressure is whenr ight ventricular systolic pressure i s ever, on occasion, when hemodynamics had been normal, ink was demonstrated in small vessels on the right ventricular side of the interventricular septum, or a few small areas of myocardial injection were found. More frequently, a few larger vessels resembling sinusoids or venules were injected. In cases of pulmonary atresia, contrast medium has been shown to flow into coronary arteries during life through connections with the right ventricle (30) . Sufficient blood enters the left ventricle through luminal connections during cine-coronary-arteriography to clearly outline its cavity (31). Ravin, Epstein, and Malm have estimated the amount as 0.12 to 0.43$ of aortic blood flow (32) . In view of the absence of valves in such vessels, and the vigorous massaging action of systole on the spongy interior of the heart, it is perhaps equally "inconceivable" that cavitary blood could be completely excluded from vessels connecting with the lumen during all phases of the cardiac cycle. The present studies indicate that this process is most important in the right ventricle.
